Study of the transition from pairing vibrational to pairing rotational regimes between magic 
numbers N=50 and N=82, with two-nucleon transfer 
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Absolute values of two-particle transfer cross sections along the Sn-isotopic chain from closed shell to closed 
shell (^^^Sn/^^Sn) are calculated taking properly into account nuclear correlations, as well as the successive, si- 
multaneous and non-orthogonality contributions to the differential cross sections. The results are compared with 
systematic, homogeneous bombarding conditions (p, t) data. The observed agreement, almost within statistical 
errors and without free parameters, testify to the fact that theory is able to be quantitative in its predictions. 
Within this scenario, the predictions concerning the absolute value of the two-particle transfer cross sections 
associated with the excitation of the pairing vibrational spectrum expected around the the closed shell nucleus 
^Q^Sng2 can be considered quantitative. The same can be said to be true concerning the possibility of shed- 
ding light on the relative importance of successive and simultaneous transfer processes, through changes in the 
angular distributions expected to take place as a function of the bombarding energy (interference phenomena). 

PACS: 25.40.Hs, 25.70.Hi, 74.20.Fg, 74.50.+r 



INTRODUCTION 

Customary, the fingerprint of shell closure in nuclei is as- 
sociated with a sharp, step-function-like distinction between 
occupied and empty single-particle states in correspondence 
with magic numbers for a recent example see L2J and 

my 

Away from closed shell, medium-heavy nuclei become, as a 
rule, superfluid, the distinction between occupied and empty 
states being blurred within a 2-3 MeV energy interval cen- 
tered around the Fermi energy. This phenomenon is clearly 
captured by the Bogoliubov-Valatin quasiparticle transforma- 
tion iSH. 



al = Uyal - VyGy . (1) 

It provides the rotation in Hilbert space of creation and anni- 
hilation fermion operators a\ a which diagonalizes the mean 



field pairing Hamiltonian in the state |[6l[7l, 

\BCS} ~ Y\ ^v^vIO) - Y\(U, + vWyalm. (2) 

y>0 y>0 

This state is a wavepacket in the number of pairs. A conse- 
quence of this fact is that the pair creation and annihilation 
operators 

P^ = Y,44^ P = (3) 

y>0 y>0 

display a finite average value in it (condensed Cooper pair 
field), 

ao = e'^^a^ = (BCS IP'^IBCS ) = (BCS \P\BCS ), (4) 

where = 2y>o ^yK (the pairing gap A being Ga^). The 
\BCS) state thus defines a privileged orientation in gauge 
space, (p being the gauge angle between the laboratory and 
the intrinsic, body-fixed-frame of reference. The associated 
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FIG. 1 : Experimental energies of the - 0^ states of the 
Sn-isotopes ((a) ground state, (b) excited states), populated in (/?, 
reactions [11-14]. The heavy drawn horizontal lines represent the 
values of the expression E - -5(gQSn^) + ^exc + 8.124A MeV 

+46.33 MeV, where Bi^^^Sn^) is the binding energy of the 
Sn-isotopes of mass number A, and £^exc is the weighted (with 
cr(0^^)) average energy of the excited 0^ states below 3 MeV. The 
dashed and dotted lines represent the parabola's given in the insets 
of (a) and (b), corresponding to the ground state and to the (average) 
excited state-based pairing rotational bands. The numbers labelling 
in (b) the thin lines connecting members of the ground state and of 
the excited state pairing rotational bands are the relative (in %) (/?, t) 
cross sections 2/ cr{gs ^0^) normalized with respect to the ground 
state cross sections. The absolute values of these cross sections (in 

jih units) [11-14] are given in (a) along the abscissa. Simple 
estimates of the moment of inertia and of the cross talk expected 
between excited {pv) and {gs) pairing rotational bands obtained 
making use of the single j-shell model are also shown (see e.g. 
[10], app. H). 



emergent property corresponding to generalized rigidity with 
respect to pair transfer. 

Taking into account the correlations among quasiparticles 
induced by fluctuations in (gauge angle) induced by the 
field {P^ - P), leads to symmetry restoration. That is, to pair- 
ing rotations (Fig[T](a), [8,^ see also L1P|, Sect. 6.6 and App. 
I). 

Taking into account the fluctuation in induced by the 
field (P^ + P) leads to two-quasiparticle-like states called 
pairing vibrations, lying on top of twice the pairing gap (HO. 
In the superfluid case these vibrations are little collective (see 
Fig. [ijb), pairing rotational bands based on pairing vibrational 
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FIG. 2: Absolute calculated cross section predictions in comparison 
with the experimental results of [11 - 141 



excitations displaying a few % cross section as compared to 
the gs gs transitions). 

These fluctuations are, of course, already present in the nor- 
mal ground state of closed shell nuclei in which case, due to 
the possibility of distinguishing between occupied and empty 
states, they are quite collective |9|. In other words, in closed 
shell nuclei (ao = 0), the quantity 



(T = {(a- a^f)"^ = [{{0\P^P\0} + {0\PP^\0}) jl] 



^ (K/(Ao - 2)|P|0)p + K/(Ao + 2)|P^|0)p) 12 



1/2 



1/2 



(5) 



where |0) = |g^(Ao)), cr displays finite values, of the order 
of EcorrIG ^ 1 MeV/G 5 - 10, Ecorr being the average 
correlation energy of e.g. two neutrons (two neutron holes) 
outside (in) the closed shell system of mass number Aq. Of 
notice that the marked deviations observed around N = 50 and 
A/^ = 82 in the energies of the Sn-ground states as compared 
with the parabolic fitting (see Fig. [TJa)), is associated with the 
fact that in these cases we have to deal with pair vibrations of 
a normal nucleus and not with pairing rotations of a superfluid 
system. As emerges from (3), (4) and the paragraph following 
this equation, as well as (5), one can posit that two-nucleon 
transfer is the specific probe of pairing in nuclei. 

From the above narrative, and from the definition of the 
(nuclear) correlation length ^ = hvp/lS, where S = Ga^ in the 
case of superfluid nuclei, and S = Ecorr, in the case of closed 
shell nuclei. Cooper pair partners are paired over distances 
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considerably larger than nuclear dimensions 
This estimate, together with the fact that (gs) 
particle transfer cross section can be written as, 



o-(gs gs) 



(J 



(c^o ^ 0), 
(c^o = 0), 



20-30fm). 
{gs) two- 



(6) 



gs(130)®g5(134) 



implies that Cooper pair partners can remain correlated across 
regions of the system for which G{x) = (a result first realized 
in connection with the Josephson eff'ect ifTSl ). 

Consequently, and exception made for the closing of 
single-particle channels due to Q-value eff'ects (see below), 
one expects that successive transfer induced by the single- 
particle mean field. 



t/(r) = J dV>(/)K;,(|r-r"|) , 



(7) 



will be dominant over simultaneous transfer, let alone over 
transfer induced by the pairing interaction. The proton- 
neutron interaction Wnp appearing in ([7]) has been parametrized 
according to 1 16], its strength adjusted so as to reproduced the 
intermediate channel deuteron binding energy. 

Making use of the two-particle transfer spectroscopic am- 
plitudes By - (jy -\- Ijiy^UyVy \ll \ of thc Coopcr pair con- 
densate under study, and standard optical parameters inTyT4l . 
the absolute diff'erential cross sections associated with the re- 
actions ^Sn(/?, 0^"^Sn(gs) (A=124,122,120,118,116 and 112) 
were calculated. In all cases, successive, simultaneous and 
non-orthogonality contributions (post representation) to the 
cross section were considered (see |[T8l[T9| and refs. therein, 
see also 1201 ). The results, in comparison with the experimen- 
tal data [TT'-n^, are displayed in Fig. |2] Theory provides, 
without any free parameters, an account of the absolute value 
of all measured diff'erential cross sections within limits well 
below the (estimated) 15% (systematic) experimental error, 
and almost within statistical errors. 

In keeping with these results we present below predictions 
concerning the pairing vibrational spectrum of the closed shell 
nucleus 5o^Sn82 and the associated absolute diff'erential cross 
sections. Within the harmonic approximation Il9l[l7|, the two 
phonon pairing vibrational 0^ state is predicted at an exci- 
tation energy of 6.6 MeV (see Fig. 3). At variance with the 
superfluid (pairing rotational) case (see Fig. [TJb)), this excited 
0^ state is expected to be populated with a large cross section 
as compared to the gs^gs transition, a direct consequence of 
the clear distinction which can be operated between occupied 
{V^ ^ \,U^ ^ 0) and empty (V^ ^ 0, [/^ ^ 1) states around 
closed shell systems. 

While the bombarding conditions used in these calculations 
are similar to those encountered in connection with the exper- 
imental data shown in Fig. [2| |[TT1 - [T4 l, the inverse kinematics 
techniques required when dealing with ^^^Sn will pose severe 
limitations to such (optimal) choices. It turns out that the re- 
spect of such limitations may contain the key for a qualitative 
advance in the understanding of the two-nucleon transfer re- 
action mechanism at large, similar, with all required caveats. 
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FIG. 3: Pairing vibrational spectrum around ^^^Sn. The absolute 

differential cross sections associated with the reactions 
^^^Sn{t,py^^Sn{gs) (pair addition: a) and ^^^Sn{p,ty^^Sn{gs) (pair 
removal: r) dXEcM - 20 MeV and 26 MeV respectively are also 
displayed. 
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FIG. 4: Absolute differential cross section associated with the 
reaction ^^^Sn(/7, 0^^^Sn(g5) at two CM bombarding energies (in 
MeV). Successive (thin continuous curve), simultaneous (dotted), 
non-orthogonality (dashed), simult.+non orth. (dotted-dashed), 
pairing force (crosses) and total (thick continuous curve) cross 
sections are also displayed. In the upper part of the figure the level 
scheme associated with the initial, final and lowest energy 
intermediate channels are shown. 



to that which took place in the understanding of pair tunneling 
phenomena in connection with the Josephson effect (see e.g. 
|21| and refs. therein). 

This is in keeping with the fact that there exists an impor- 
tant (2-value, kinematic-like) difference between the pair- 
ing coupling scheme expected around and away from closed 
shells. In fact, while the binding energy of open shell super- 
fluid isotopes is a smoothly varying function of mass number, 
the situation is quite different around closed shell (Aq). Both 
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FIG. 5: Probability with which each partial wave L contributes to 
the (total) two-particle transfer cross section ^^^Sn(/7, 0^^^Sn(g5) 
(see Table 



From the analysis of systematic two-particle transfer data 
on open shell Sn-isotopes, with the help of a unified nuclear 
structure-reaction mechanism description ||T0l[20l, it is con- 
cluded that theory is able to account for the experimental find- 
ings within experimental errors and without free parameters. 
Applying the same theoretical tools to the pairing vibrational 
coupling scheme expected around the closed shell nucleus 
^Q^Sn82, Hkely opens the possibility of shedding light, by ac- 
curately tuning the bombarding conditions, on the mechanism 
which is at the basis of two-nucleon transfer reactions, as well 
as to set a lower limit to the contribution of the, likely highly 
dressed, nucleon-nucleon pairing interaction. 

We also acknowledge discussions with Luisa Zetta and 
Paolo Guazzoni on one of the most systematic two-nucleon 
transfer studies of recent date available in the literature, which 
is at the basis of the present letter. 









5.11 MeV 


6.1 MeV 10.07 MeV 


15.04 MeV 


total 


1.29 X 10"^^ 


3.77 X 10-' 


39.02 


750.2 


successive 


9.48 X 10-20 


1.14 X 10-^ 


44.44 


863.8 


simultaneous 


1.18 X 10-1^ 


8.07 X 10-9 


10.9 


156.7 


non-orthogonal 


2.17 X 10-1^ 


7.17 X 10-^ 


22.68 


233.5 


non-orth.+sim. 


1.31 X 10-1^ 


3.34 X 10-^ 


3.18 


17.4 


pairing 


1.01 X 10-19 


6.86 X 10-10 


0.97 


14.04 



TABLE I: Absolute value of the cross sections displayed in Fig. |4] 
(plus those associated with Ecu = 5.11 and 6.1 MeV), integrated 
over the range 0° < ^cm < 80°. 



the Ao system, as well as the (Aq ± 2) nuclei are well bound, 
the associated Q-value being, as a rule, rather unfavorable 
for single-particle transfer, let alone for twice such a process 
(successive). 

This is clearly seen from the (bombarding) energy depen- 
dence of the absolute cross sections associated with the re- 
action ^^^Sn(/7,0^^^Sn (Fig. [5] and Table [l]). Also reported in 
Fig. |4]is a simple estimate of the contribution to the diff'eren- 
tial cross section arizing from the two-body pairing interac- 
tion, in which case the associated transfer field can be writ- 
ten as Vp - (j{F^ + P)' As observed from the level scheme 
displayed on top of this figure, below 4.1 MeV no (real) two- 
particle transfer can take place. One needs to reach CM bom- 
barding energies of the order of 10 MeV, to obtain values of 
the absolute cross section which are barely observable, as a 
result of the cancellation taking place between simultaneous 
and non-orthogonality contributions and of the (hindered) Q- 
value dependence of successive transfer. By properly tuning 
the bombarding conditions, one can reduce the role successive 
transfer plays in the process, and thus change the shape and 
absolute value of the two-particle transfer diff'erential cross 
section. This is a direct consequence of the very low number 
of partial distorted waves controlling the transfer process at 
these threshold energies (see Fig. |5]). 
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